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X-ray magnetic circular dichroism (XMCD) measurements on single-crystal and powder samples of

Ba0.6K0.4Mn2As2 show that the ferromagnetism below TC ≈ 100 K arises in the As 4p conduction band.

No XMCD signal is observed at the Mn x-ray absorption edges. Below TC, however, a clear XMCD signal is

found at the As K edge which increases with decreasing temperature. The XMCD signal is absent in data taken

with the beam directed parallel to the crystallographic c axis indicating that the orbital magnetic moment lies in

the basal plane of the tetragonal lattice. These results show that the previously reported itinerant ferromagnetism

is associated with the As 4p conduction band and that distinct local-moment antiferromagnetism and itinerant

ferromagnetism with perpendicular easy axes coexist in this compound at low temperature.

PACS numbers: 78.70.Dm, 75.25.-j, 74.70.Xa, 75.50.Cc

The search for unconventional superconductivity has re-

sulted in the discovery of materials possessing rich, tunable,

physical properties and has been the driving force for much

recent theoretical and experimental research [1–4]. In par-

ticular, the high-temperature cuprate and Fe-pnictide super-

conductors show remarkable coupling between their lattice,

charge, and magnetic degrees of freedom, which may be tuned

by small alterations to their chemical structures through, for

example, electron- or hole-doping by chemical substitution.

[5–7]. These materials have provided testbeds for Hamiltoni-

ans based on the Heisenberg model and their applicability to

both local-moment and itinerant magnets [2, 8–10]. In partic-

ular, the magnetic excitation spectra obtained through inelas-

tic neutron scattering experiments on the parent compounds of

the 122-type Fe-pnictide superconductors (AFe2As2, A = Ba,

Sr, Ca) have been described in terms of the J1-J2 Heisenberg

model [9, 10].

Systems related to the 122 Fe-pnictides manifest in-

teresting and exotic material properties. For example,

(Ba1−xKx)(Zn1−yMny)2As2 is a ferromagnetic semiconduc-

tor which may be useful for developing multilayer functional

devices [11]. The system studied here, (Ba0.6K0.4)Mn2As2,

shows local-moment antiferromagnetic (AFM) order below

a Néel temperature of TN = 480 K that coexists with half-

metallic itinerant ferromagnetic (FM) order below a Curie

temperature of TC ≈ 100 K [12].

BaMn2As2 crystallizes in the same body-centered tetrag-

onal ThCr2Si2 lattice (space group I4/mmm) as the parent

phases of the superconducting 122 Fe-pnictides [13]. The G-

type (checkerboard-type) AFM insulating ground state of the

S = 5

2
Mn spins has an ordered moment of 3.88(4) µB/Mn

below TN = 625(1) K that is directed along the c axis. [14–

17]. It has been demonstrated that BaMn2As2 can be driven

from an insulating to metallic ground state upon the substi-

tution of as little as 1.6% K for Ba [18] or by applied pres-

sure [19]. Nevertheless, Ba1−xKxMn2As2 retains the G-type

Mn local-moment AFM order of its parent insulating com-

pound [16, 18, 20]. The AFM order is quite robust, persist-

ing for substitutions up to at least x = 0.4 with only nom-

inal changes in TN and the ordered moment [20]. The par-

tial substitution of K for Ba modifies the electronic structure

by hole-doping, and spin-polarized electronic structure calcu-

lations and angle-resolved photoemission spectroscopy mea-

surements show that increasing the K doping results in a hole

pocket that crosses the Fermi energy [18].

Perhaps most surprising is the observation of a novel

ground state in Ba1−xKxMn2As2 for 0.16 ≤ x ≤ 0.4,

where magnetization, nuclear magnetic resonance (NMR),

and magnetic field dependent neutron diffraction measure-

ments revealed the onset of itinerant FM below TC ≈ 100 K

coexisting with the Mn local-moment AFM order [12, 21].

Whereas the moment associated with the AFM order is di-

rected along the unique c axis of the tetragonal structure,

magnetization data indicate that the FM ordered moments

(≈ 0.45(1)µB/formula unit for x = 0.4) are aligned perpen-

dicular to this direction, in the ab plane [12, 21].

It has been proposed that the FM order in

Ba0.6K0.4Mn2As2 arises from the complete spin polarization

of the doped holes in the conduction band (half-metallic

ferromagnetism) [12]. Nevertheless, it is reasonable to ques-

tion whether the observed FM ordering in Ba0.6K0.4Mn2As2
arises from the canting of the ordered Mn moments. The

above mentioned NMR and neutron diffraction measure-

ments argue against this explanation [12], however, recent

first-principles calculations suggest that canting of the Mn

moments may be induced by a double-exchange interaction

[22].

Here, we use the element specificity of x-ray magnetic cir-

cular dichroism (XMCD) through measurements on single-

crystal and powder samples of Ba0.6K0.4Mn2As2 to show that

FM ordering occurs in the As 4p conduction band. We find a

strong peak in the XMCD signal at the As K x-ray absorption
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edge, but a featureless XMCD signal across the Mn L2 and L3

absorption edges. The noise in the signal observed at the Mn

L2 andL3 absorption edges corresponds to a limit of detection

of 0.02µB/Mn and is an order of magnitude smaller than the

FM moment determined from bulk magnetization measure-

ments [12]. The XMCD signal at the As K edge appears at

T ≈ TC due to FM ordering in the As 4p conduction band, and

its intensity increases with decreasing temperature, in agree-

ment with previous bulk magnetization measurements [12].

Our measurements on single-crystal samples further demon-

strate that the FM moments lie in the ab plane.

The signal from XMCD measurements is obtained from the

differential absorption of circularly-polarized x-rays when the

helicity of the incident light is oriented parallel or antiparallel

to the magnetization direction of a FM material. During the

measurement, the x-ray energy is tuned through the absorp-

tion edges of the constituent elements [23–26], providing the

elemental specificity. The circularly-polarized photons induce

a transition from occupied core states (e.g. 1s or 2p ground

states for K or L edges, respectively) to unoccupied states

with energies E ≥ EF, where EF is the Fermi energy. For

dipole transitions, changes of ∆l = ±1 and ∆ml = ±1 must

occur, where l and ml are the orbital and azimuthal orbital

quantum numbers, respectively. Since for K absorption edges

the orbital angular momentum is 0 and there is no spin-orbit

splitting for the initial state, XMCD probes the magnetic po-

larization of the orbital moment of the final p states. For L
edges, the spin and orbital polarization of the final d states

are probed. Hence, XMCD can be viewed as an element- and

orbital-specific probe of the magnetization of a sample [27].

Thin (∼100 µm) single crystals of Ba0.6K0.4Mn2As2 were

prepared using the self-flux solution-growth technique de-

scribed elsewhere [20] and the chemical composition was de-

termined by wavelength-dispersive x-ray spectroscopy [12].

Some single crystals were crushed for measurements on poly-

crystalline (powder) samples. X-ray absorption spectra (XAS)

and XMCD measurements were performed at the Advanced

Photon Source at Argonne National Laboratory. Measure-

ments were made across the As and Mn K x-ray absorption

edges using station 4-ID-D, and measurements across the Mn

L2 and L3 absorption edges, using a soft x-ray beam, were ac-

complished at station 4-ID-C. The single-crystal and powder

samples were mounted on Kapton or carbon tape and placed

in a He flow cryostat to be cooled down to either T = 1.8 K

(4-ID-D) or 50 K (4-ID-C). Magnetic fields of H = 3 kOe

were applied using either a superconducting magnet or an 8-

pole electromagnet. This low field value was chosen to sat-

urate the FM signal while minimizing field-induced canting

of the Mn moments (see Ref. 12). At both stations, data for

circularly-polarized x-rays with helicity parallel [µ+(E)] and

antiparallel to the beam direction [µ−(E)] were measured to

obtain the XMCD signal which is (µ+ − µ−). The XAS sig-

nal is proportional to 1

2
(µ+ +µ−). To eliminate experimental

artifacts, data were taken for both the magnetic field applied

parallel and antiparallel to the beam direction. At 4-ID-D,

a diamond phase retarder was used to circularly polarize the
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FIG. 1. (Color online) (a) The normalized XAS signal across the

As K edge from transmission measurements made on a single-

crystal sample. The XAS signal has been normalized to 1 at ener-

gies well above the edge. (b) Edge-step normalized XMCD data for

H = 3 kOe and various temperatures taken with the crystal’s c axis

oriented 45
◦ away from the incoming beam (Hab = 2.1 kOe). The

T = 10 K data relate to the XAS data in (a). (c) Edge-step normal-

ized XMCD data for T = 10 K and H = 3 kOe taken across the As

K edge for powder and single-crystal samples. Data for the single

crystal are shown for the c axis oriented either at 45◦ to the incoming

beam or parallel to the beam. The colored lines in (b) and (c) are fits

to Lorenztian lineshapes.

incoming beam, and the x-ray transmission through the sam-

ples was measured using an ion chamber detector. Measure-

ments were made using a lock-in technique which alternated

the beam’s helicity at a frequency of 13.1 Hz [28]. At station

4-ID-C, the circular polarization of the beam was controlled

by the undulator, and the total electron yield (TEY) and total

fluorescence yield (TFY) were both measured [24].

Figure 1(a) shows the normalized XAS signal across the As

K edge for H = 3 kOe and Fig. 1(b) shows the corresponding

XMCD signal normalized by the absorption edge step. These

data were obtained from transmission measurements made on

a single crystal with its c axis directed 45◦ away from the

incoming beam, so that H has components along both the c

axis and basal plane of the tetragonal lattice (Hc = Hab =
2.1 kOe). For T = 10 K and 90 K, a positive peak is ob-

served just at the absorption threshold. For T = 90 K, the

peak has decreased in magnitude and, for T = 150 K, the
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FIG. 2. (Color online) (a) The temperature dependence of the inte-

grated XMCD signal for the H = 3 kOe As K edge XMCD data.

Data are shown for both a single-crystal sample with its c axis ori-

ented 45
◦ away from the incoming beam and a powder sample. The

integrated XMCD signal has been determined from fits to the peak in

the XMCD data with a Lorentzian lineshape. Both datasets are nor-

malized to their values for T = 10 K, and the dashed line is a guide

to the eye. (b) χ = M/H data for Ba0.6K0.4Mn2As2 from Ref. 12.

The nonzero value of χ as T → 0 for H applied parallel to the c axis

is due to a slight misalignment of the crystal (≈ 4
◦) [12].

peak is absent. The lines correspond to fits to the peak using a

Lorentzian lineshape. These data provide evidence of the FM

orbital polarization of the As 4p conduction band and are sim-

ilar in appearance to previous As K edge XMCD spectra in,

for example, the Ga1−xMnxAs FM semiconductor [29, 30].

The small negative peak observed at a slightly higher in-

cident beam energy arises from linear dichroism contribu-

tions due to the incomplete circular polarization of the beam

[23]. This is supported by the absence of this negative peak

in the data for the powder sample, which are plotted as green

open triangles in Fig. 1(c). Figure 1(c) also shows that for

T = 10 K (below TC) the positive peak in the XMCD signal

is absent with the c axis of the sample oriented parallel to the

incident x-ray beam (black squares), whereas it is clearly ev-

ident for the 45◦ incident angle (blue triangles) as well as in

the powder data. Since XMCD is sensitive to the projection

of the sample’s magnetization along the beam direction, this

demonstrates that the FM moments are perpendicular to c and

lie within the basal plane.

The As K edge XMCD spectra were recorded at several

temperatures between T = 10 and 150 K for both the pow-

der and single-crystal samples. The areas determined from

the fits to the Lorentzian lineshapes are taken as the integrated

XMCD signal and are plotted as a function of temperature in
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FIG. 3. (Color online) (a) The normalized XAS signal across the Mn

K edge for T = 1.8 K and H = 3 kOe from transmission mea-

surements made on a single-crystal sample with its c axis oriented

45
◦ away from the incoming beam. (b) Normalized XMCD data

corresponding to the XAS data in (a). (c) Normalized XAS data for

T = 50 K and H = 3 kOe taken across the Mn L2 and L3 edges

from measurements of the total electron yield (TEY) and total fluo-

rescence yield (TFY) made on a single-crystal sample with its c axis

oriented 70
◦ away from the incoming beam (Hab = 2.8 kOe). (d)

Normalized XMCD data corresponding to the TEY (left axis) and

TFY (right axis) data in (c). The small constant offset in the TEY

data is due to leakage currents and currents induced by external elec-

tromagnetic fields in the leads connected to the picoammeter used

for the measurements. The TFY data in (c) and (d) have not been

corrected for absorption of the fluoresced x-rays by the sample [31].

Fig. 2(a). Below TC, the data monotonically increase with

decreasing temperature down to the base temperature for our

As K edge measurements. Figure 2(b) shows the bulk mag-

netization data taken from Ref. 12 and demonstrates that the

temperature dependence of the integrated XMCD signal for

both the single-crystal and powder samples agrees well with

the temperature dependence of the bulk magnetization data for

H parallel to the ab plane. The presence of the linear dichro-

ism contamination in the XMCD signal for the single-crystal

sample prevents further quantitative analysis of these data.
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It is important to consider whether the measured magneti-

zation can be associated with the Mn moments, and if the FM

orbital polarization of the As 4p conduction band is induced

by FM associated with the Mn 3d states. To this end, Fig. 3

displays data from XAS and XMCD measurements on single-

crystal samples for the Mn K [Figs. 3(a) and 3(b)] and L2 and

L3 edges [Figs. 3(c) and 3(d)]. For the Mn L2 and L3 edge

measurements, TEY and TFY data were taken at T = 50 K

and the sample’s c axis was oriented 70◦ away from the direc-

tion of the incident beam (Hab = 2.8 kOe). Measurements at

the Mn L2 and L3 edges were also made on a powder sample

and yielded similar data (not shown). Hence, within the un-

certainty of the measurement, we observe no features in the

XMCD signals at the Mn K , L2 and L3 edges.

Using the normalized XMCD data at the Mn L2 and L3

edges from measurements performed on the FM semiconduc-

tor Ga0.93Mn0.07As at the same beam-line [32], we can esti-

mate the upper limit for the possible Mn moment within the

ab plane. From Ref. 32, a FM ordered Mn moment of 3 µB

gave rise to a normalized XMCD signal of 2. Applying this

proportion to the spread of the noise in our TEY data (which

is ∼ 0.01), we estimate that our experiments could detect a

Mn moment ≥ 0.02 µB. Performing the same analysis using

results from experiments made on La0.7Sr0.3MnO3 ultra-thin

films at the European Synchrotron Radiation Facility leads

to the same conclusion [33]. Hence, within our experimen-

tal sensitivity of 0.02 µB, we detect no FM contribution from

the Mn. This result is also consistent with an upper limit of

Mab = 0.93(1)×10−3 µB/Mn due to canting of the AFM Mn

moments that we estimate from magnetization data reported

in Ref. 12, as described in the Supplemental Material [34].

We note that our TFY data may be strongly distorted by self-

absorption effects [31], and we therefore use our TEY data as

a basis for the upper estimate of 0.02 µB for the size of any

FM ordered Mn moment present. For measurements at the Mn

K edge, comparison to similar data taken for (In,Ga,Mn)As

[29] show that our experiments would detect a Mn moment

≥ 0.15 µB. This indicates that measurements at the Mn L2

and L3 edges are an order of magnitude more sensitive to the

size of the moment than measurements at the Mn K edge.

Using the normalized XMCD signal obtained for the As K
edge, we can determine the value of the orbital moment in the

As 4p band by applying the sum rule [24, 25, 35]

−
〈Lz〉p
nh
p

=

∫ Ec

EF
(µ+ − µ−)dE

Pc

∫ Ec

EF
(µ+ + µ− + µ0)dE

. (1)

Here, 〈Lz〉p is the p-projected orbital magnetic moment, nh
p

is the number of holes in the p band, (µ+ − µ−) is equal to

the normalized XMCD data, (µ+ + µ− + µ0) is 3

2
times the

normalized XAS data, Pc is the degree of circular polariza-

tion of the beam, and Ec is a cutoff energy above the edge.

The contribution to the normalized XAS data from unbound

states near EF was modeled by a broadened step function [24]

and subtracted before performing the integration in the de-

nominator. Using the T = 10 K data for the powder sample,

Pc = 0.95, which is the nominal degree of circular polariza-

tion, and deconvolving the orientational average of the mo-

ments in the powder relative to the x-ray beam direction, we

find that
〈Lz〉p
nh
p

= −0.003(1) µB. Taking nh
p = 0.2 holes/As,

as done previously [12, 22], we find an As 4p orbital moment

of 〈Lz〉p = −0.0006(2) µB/As. The negative sign for 〈Lz〉p
implies that the As 4p orbital moment is antiparallel to the to-

tal moment, which is presumably dominated by the As 4p spin

moment.

To investigate whether the size of the As 4p orbital moment

and its direction relative to the spin moment is reasonable in

relation to the FM moment of 0.45(1) µB/formula unit deter-

mined from magnetization measurements [12], band structure

calculations were performed with the Ba atom at the center of

the body-centered tetragonal unit cell replaced by a K atom,

corresponding to a K doping level of 50%. An artificial mag-

netic field was added to introduce a spin moment on the As

sites, and local spin density approximation calculations were

iterated to self-consistency. The converged spin moments on

the 2 As sites in the above supercell of the previous primitive

cell are 0.24 µB/As and 0.21 µB/As, and the orbital moments,

induced via the spin-orbit interaction in the As 4p band, are

both -0.001 µB/As. The magnitude of the orbital moments

as well as their antiparallel orientations to the larger spin mo-

ments are in good agreement with the experimental results.

We also note that the value we obtain for the As 4p orbital

moment is similar to the 4p orbital moments calculated for Fe

and Ni [36], and to those found from measurements at the As

K edge for thin films of the (Ga,Mn)As and (In,Ga,Mn)As

FM semiconductors [29, 30]. In these cases, an XMCD sig-

nal was also found at the L2 and L3 edges of the transition

metals, and it was determined that the measured K edge sig-

nals were due to polarization of the 4p orbital moments by the

3d moments of neighboring transition metal sites [29, 30, 36].

As we have shown, this is not the case for Ba0.6K0.4Mn2As2
since no distinct peaks in the XMCD signal were observed at

the Mn edges. Instead, the FM orbital polarization of the As

4p states originates from the spin-orbit interaction with spin-

polarized As 4p states. This assignment is consistent with our

previous hypothesis that itinerant FM coexists with the Mn

local moment AFM [12].

Summarizing, the presence of an XMCD signal at the As

K edge demonstrates that the FM order previously observed

in Ba0.6K0.4Mn2As2 occurs in the As 4p conduction band.

Our results further show that the FM moments lie in the ab

plane, perpendicular to the AFM ordered Mn moments. Fi-

nally, the absence of a net XMCD signal (within the limits

of our detection) at the Mn K , L2, and L3 edges shows that

the FM is not associated with the Mn 3d and 4p bands, even

in light of the substantial Mn-As hybridization evident from

electronic structure calculations [15]. These results demon-

strate that the local-moment AFM order of the Mn and the

itinerant FM in the As 4p conduction band are distinct, and

illustrate the power of XMCD measurements to assign FM to

a specific element and associated band.
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